Objectives: To validate the use of an activity diary and predicted BMR for assessment of daily total energy expenditure (TEE) and physical activity level (PAL TEE/BMR) in adolescents. Design: TEE and PAL estimated from activity diary records kept for seven days and BMR predicted from age, gender and body weight were compared with the results of doubly labelled water (DLW) measurements and indirect calorimetry performed during the same time period. Setting: The Unit of Paediatric Physiology of the Department of Clinical Physiology, University Hospital, Uppsala, Sweden. Subjects: Fifty randomly selected 15 y old adolescents (25 boys and 25 girls). Results: The mean difference between TEE estimated in all adolescents by the activity diary and by DLW methods was 1.2%. The limits of agreement (mean difference 2 s.d.) were 73.47 and 3.77 MJ/d, equivalent to a coef®cient of variation of 15%. The mean difference between PAL assessed by activity diary records and by DLW measurements was 0.001, and the limits of agreement between the two methods were 0.54.
Introduction
The doubly labelled water method (DLW) is the most accurate method available for assessment of daily energy expenditure and physical activity in free-living subjects. It also has the advantage that the measurement does not interfere with the normal daily life and habitual energy expenditure of the subjects being investigated. Its main drawbacks, on the other hand, are its very high costs and its demanding methodology. Consequently, other methods have to be considered by those many investigators who do not have the use of the DLW method, and in many studies, for example population studies, where the expenses would be too high.
Heart-rate (HR) monitoring is such an alternative method, which has been found to provide close estimation of total energy expenditure (TEE) of population groups in validation against whole body calorimetry and the DLW method (Spurr et al, 1988; Ceesay et al, 1989; Livingstone et al, 1990; Livingstone et al, 1992; Emons et al, 1992) .
The appropriate use of HR monitoring, however, demands a proper and undisturbed minute-by-minute HR recording during a period of at least 3 d. It also imposes the need of a calibration procedure in each subject in order to determine the individual relationship between oxygen uptake and heart rate exceeding a predetermined HR level at light, moderate and heavy work loads. Furthermore, individual recording of resting HR and assessment or prediction of both the basal and the resting metabolic rate are required. These prerequisites restrict the use of the HR monitoring method. Activity diaries have been used for several decades in the assessment of physical activity. These methods do not rely on complicated methodology, nor are they hampered by great expense, and they might therefore be suitable for population studies. The accuracy, however, is highly dependent on the co-operation of the subjects. To be accepted, the diary recording has to be very simple. In such a simpli®ed method, originally described by Bouchard et al (1983) , the subject enters a digit (1±9) representing the dominant activity of each 15 min period into a diary form covering the ninety-six 15 min periods of a day and night. The reproducibility of this method was tested by Bouchard et al (1983) , but no validation study appears to have been published.
In the present study, daily energy expenditure and physical activity were assessed by a modi®cation of this activity diary (AD) method in 50 healthy free-living 15 y old adolescents during a seven day period and the results were compared with those obtained from simultaneous measurements using the DLW method.
Subjects and methods

Subjects
Two cohorts of altogether 600 ®fteen-year-old adolescents living in the university city of Uppsala and in the industrial town of Trollha Èttan were selected by a randomization computer program from a data base of the of®cial population register of 15 y old adolescents in these two regions. They were invited by letter to participate in an extensive investigation of the dietary habits, physical activity, energy expenditure and bone density in this age group. Four hundred and eleven of the 600 selected adolescents agreed to participate. Fifty-®ve, namely every fourth of those resident in Uppsala who had agreed to participate were randomly selected for the present study using the DLW method for validation of activity diary assessments. The adolescents and their parents were informed about the study by letter. Further details of the investigation were given by telephone and during a visit to the families by one of the main investigators. Fifty-two of these 55 adolescents agreed to participate and 50 of them (25 boys, 25 girls) completed this study. One girl went abroad and another one fell ill during the study. The study was approved by the Ethics Research Committee of the Medical Faculty of Uppsala University.
Protocol
Three to ®ve days before the start of the investigation the subjects collected pre-dose urine samples. After an overnight fast the subjects were taken by car from their homes to the hospital. Body weight in light underwear was measured to the nearest 0.1 kg after emptying of the urinary bladder, and height to the last completed 0.5 cm. At 8 am, an oral dose of doubly labelled water was given. Immediately afterwards the subject rested for 15±30 min before measurement of the basal metabolic rate (BMR). After this measurement a light breakfast was served. Instructions for the activity diary recording were then given and a clinical examination was performed. O per kg estimated TBW was given. The dose bottle was weighed before and after dosing. Post-dose urine samples were collected at about 3, 7 and 10 pm on the day of dosing and at about 8 pm thereafter for 14 d. In the validation of the activity diary presented in this study, the results from the ®rst seven days were used.
Isotope analyses of the urine samples were made in duplicate with use of an isotope-ratio mass spectrometer (SIRA, Series II, VG Isogas, Middlewich, Cheshire, UK). The 2 H/ 1 H ratios were analysed after reduction of water to hydrogen gas at 500 C by using 200 mg zinc reagent (The Biochemical Lab, Indiana University). The 18 O/ 16 O ratios were analysed after CO 2 equilibration using Isoprep-18 (VG Isogas).
Since Ritz et al (1994) (Racette et al, 1994) after extrapolation to dosing time, using points in time between 8 h and one week after dosing.
The carbon dioxide production rate (rCO 2 ) was calculated according to Racette et al (1994) , using points in time between 8 h and 1 week after dosing. The distribution space (N) was calculated as: TBW o *(1.007 1.041)/2.
During the DLW measurement the food intake in each child was estimated by a combined weighed and estimated dietary record (Samuelson et al, 1996) . The nutrient content and food quotient (FQ) were calculated (Black et al, 1986) . TEE was estimated from the carbon dioxide production and the mean FQ, the latter representing the respiratory quotient.
Basal metabolic rate At 8 am, immediately after dosing for the DLW study, the subject rested supine for 15±30 min in a quiet room with a temperature of 22 C. BMR was then measured for 30 min by open circuit indirect calorimetry with a ventilated hood (Oxycon Sigma, Mijnhardt, Bunnik, Holland). The metabolic rate was automatically calculated from the oxygen consumption and carbon dioxide production according to the formula of Weir (1949) : EE 3.94*V H O 2 1.11*V H CO 2 7 2.17*Un, where V H O 2 oxygen consumption in ml/min, V H CO 2 carbon dioxide production in ml/ min, and Un urea nitrogen production in g/l, assuming a urea nitrogen production of 13 g/d. In the calculation of BMR, the ®rst 5 min of recording were omitted.
Activity diary records
Activity diary records were kept for seven consecutive days. We used a modi®cation of the method originally described by Bouchard et al (1983) . Activities were categorised into nine levels according to their average energy costs, representing multiples of BMR (physical activity ratio PAR), from the lowest activity level, 1, representing sleep or rest in bed, to the highest level, 9, during very intense manual work or maximal sport activity. The energy costs allotted to these nine activity categories differed from those proposed by Bouchard et al (1983) and are shown in Table 1 .
Each day was divided into 96 periods of 15 min each. All 96 periods were represented by squares in the preprinted diary form, with four squares in each row representing one hour. For each 15 min period the subject ) . When an activity was not listed, the subject was instructed to apply a categorical value closest to an activity of comparable intensity or to write an alphabetic code in the square and to write this code together with a description of the activity in 1±2 words in a section for notes in the record form. Each subject was given a detailed explanation and demonstration of the activity diary form and method. He or she completed a retrospective recording of the last two days' activities. The record was then discussed with the investigators. Special emphasis was placed on the choice of appropriate categorical values for different activities. The subjects were encouraged to contact the investigators by telephone at any time during the following seven days if in any doubt about the recording. After seven days the activity records were scrutinised, discussed and, if necessary, supplemented. The activity records were pre-processed by summing up the number of 15 min periods of each categorical value. These results were then multiplied by the PAR value of each category and the predicted BMR of the individual subject, using the prediction formula (Scho®eld, 1985) BMR 0.074 6 kg BW 2.754 MJ/d for boys, and BMR 0.056 6 kg BW 2.898 MJ/d for girls.
Statistical analysis
Statistical probability was assessed by Student's unpaired ttest between sexes and paired t-test between methods. Correlations between variables were made using linear regression analysis. Values were considered signi®cant at P`0.05. Agreement between two methods was assessed with the method of Bland & Altman (1986) .
Results
Some physical characteristics of the subjects are presented in Table 2 .
The individual results for estimated TEE, obtained simultaneously by the DLW (TEE DLW ) and the activity diary (TEE AD ) methods during the ®rst seven days after DLW dosing, are compared in Figure 1 and the mean values for boys and girls are shown in Table 3 .
The degree of agreement between TEE DLW and TEE AD is further demonstrated by a Bland±Altman (Bland & Altman 1986) The results of BMR measurements by indirect calorimetry and BMR predictions are shown in Figure 3 and Table 3 . A Bland±Altman diagram is presented in Figure 4 . The 95% con®dence interval for the bias was 70.09 to 0.27 MJ/d. The limits of agreement between the methods (mean difference between measured and predicted BMR) were 71.17 and 1.35 MJ/d. Finally, the TEE/BMR ratios, often termed physical activity level (PAL), estimated by DLW and indirect calorimetry and also by the activity diary and predicted BMR, are shown in Figure 5 and Table 3 . The corresponding Bland±Altman plot is shown in Figure 6 . The 95% con®dence interval for the bias between the methods was 0.08. The limits of agreement between the methods (mean difference in PAL AE 2 s.d.) were 0.54.
Discussion
Until recently, no reliable method has been available for measurement of habitual physical activity or energy expenditure in quantitative terms (expressed in Joules/d, Calories/ Validation of activity diary by DLW L-E Bratteby et al d or Watts). For this reason, it has been dif®cult to detect differences in physical activity and energy expenditure between populations and long-term changes in these variables within a certain population. On the other hand, a number of methods have been available for such measurements in relative terms (using actometers, pedometers, heart-rate recorders, activity diaries, and so on).
With the introduction of the DLW method, such quantitative measurements are now possible, but only to a limited extent, because of the large costs and demanding methodology. Furthermore, the DLW method is unable to describe the short-term pattern of change in activity or energy expenditure. On the other hand, it can be used to validate other less complicated and expensive methods. Recently, the HR monitoring method has been validated in a number of such studies (Livingstone et al, 1990; Livingstone et al, 1992) .
The activity diary method, originally proposed by Bouchard et al (1983) , applies the factorial approach for estimation of the mean daily TEE and PAL using a structured form, which is a major advantage of this method, making the records uniform, most often complete and, furthermore, easy to check and process. At ®rst glance this form may look complicated, containing 96 squares to be ®lled in each day with categorical values. But in fact, the method is easy to learn and use. The major concern of the adolescents of the present study was to choose an appropriate categorical value for activities not described in the form, but in such cases a private alphabetical code was put in the square and the code plus a note was written in the form. A crucial element for the accuracy of this method is the choice of energy cost for each of the nine activity categories. Torun (1983) criticised the activity record of Bouchard et al (1983) , as the energy costs of the categories of activities used by these authors were established from studies in adults, whose energy costs of activities often differ from those in children. From a review of the literature and from his own studies, Torun (1990) concluded, however, that in adolescents from the age of 15 y onwards the energy costs are similar to those of adults. He suggested that estimates of energy expenditure at these ages should be based on the individual measured or predicted BMR and the energy costs of activities in adults expressed in fractional multiples of BMR (PAR). These recommendations were followed in the present study, where the diary method of Bouchard et al (1983) was modi®ed. The PAR values which we used are compared with those used by Bouchard et al (1983) at different activity levels in Table 1 .
The PAR values of the nine categorical activity levels (Table 1 ) in our study were based on recently published data on energy costs of human activities (James & Scho®eld, 1990; Ainsworth et al, 1992; Haggarty et al, 1994) . Compared with the values proposed by Bouchard et al (1983) , the energy costs of low-intensity activities reported in these recent studies were similar, but those found for high-intensity activities were signi®cantly greater. As sleeping represented more than 90% of the time allotted to categorical level 1 in this study, this level was assigned a PAR value of 0.95. When in the present study the activity diary method was used for a seven day assessment of the daily energy expenditure and physical activity in a random sample of 15 y old healthy adolescents and compared with simultaneous measurements using the DLW method, a close correlation and only a small bias between the methods were found, but the variation was fairly large.
These results are similar to those of Livingstone et al (1992) , who compared HR monitoring with the DLW method in children and adolescents. This implies that the activity diary, like the HR-monitoring method, provides a close estimate of TEE in groups of adolescents, but is unsuitable for an individual estimate.
The group prediction of PAL from the activity diary was also very close to that obtained from the DLW measurements, but again the variation was large.
The results indicate that the activity diary method might be useful in population studies of adolescents, for example Validation of activity diary by DLW L-E Bratteby et al for de®ning subgroups of individuals characterised by their TEE or PAL. The activity diary method would also be useful to de®ne groups of individuals with reference not only to their total energy expenditure but also to the percentage of TEE spent at different categories of activity. Also, the pattern of activity, for example the change in TEE or PAL within a week, can be described by the activity diary method.
The variations in the TEE and PAL estimates based on the activity diary method are due to many factors. Recording of an activity diary might interfere with the habitual physical activity, most likely leading to a reduction of TEE and PAL. Frequent activities of short duration tend to be underestimated, as only the major activity of each 15 min period will be recorded. For that reason, shorter recording periods would be more appropriate, but, in our experience ordinary school children do not manage to keep this diary even for a few days when 5 or 10 min periods are used. The classi®cation of various activities into different categories is to a certain extent a matter of a personal rating. The validity of the recording is dependent on the active participation of the subject being investigated. In the present study the validity was satisfactory in relation to the aspects under study. This method is not likely to be of much use in younger children. It is clear that an unbiased, automatic self-recording method is to be preferred to a subjective selfreported method. The HR-monitoring method is such an objective self-recording method, but has other drawbacks which have already been mentioned. As long as there is no single ideal, inexpensive and simple method for the assessment of energy expenditure and physical activity, different non-ideal methods will be used. The activity diary is one such method. It is advisable, however, to validate this method by means of the DLW technique in a random sample of the population to be investigated.
